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Spatio-temporal imaging of voltage pulses with an ultrafast scanning
tunneling microscope
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Measurements on an ultrafast scanning tunneling microscope with simultaneous spatial and
temporal resolution are presented. We show images of picosecond pulses propagating on a coplanar
waveguide and resolve their mode structures. The influence of transmission line discontinuities on
the mode structure is investigated. It is also demonstrated how common and differential modes of
electrical pulses are generated. The capacitive coupling between the tip and the transmission line is
explained in terms of two contributions: a long range and a local coupling. We also show how these
contributions affect the imaging of the propagating pulses. © 1997 American Institute of Physics.
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In 1993 Weiss et al. presented the first measurements
with an optically gated tunneling microscope used to detect
picosecond electrical pulses.1,2 Since then, the research in
this field has concentrated on achieving a better time resolu-
tion and gaining a clearer understanding of the interaction
between the tip and the sample. Subpicosecond time resolu-
tion has been achieved by Botkin et al.,3 while Groeneveld
et al. showed that the tip-sample interaction is due to capaci-
tive coupling through a geometrical capacitance.4 Recently,
it was shown that the linear dependence of the signal ampli-
tude on the tunneling conductance disappears if the tip is
virtually grounded instead of floating.5,6 One of the most
interesting aspects of the photoconductively gated tunneling
microscope is the assumed ability to combine the high spatial
resolution of the scanning tunneling microscope with the
high temporal resolution of optical gating techniques using
femtosecond pulses. However, there has been no report on
measurements with simultaneous spatial and temporal reso-
lution until now.
In this letter, we present spatio-temporal measurements
of picosecond voltage pulses on a coplanar waveguide
~CPW!, obtained by an ultrafast scanning tunneling micro-
scope ~USTM!. The details of the setup are described in
Refs. 5 and 7. The tip of the USTM is attached to one strip of
a coplanar stripline and by optical excitation of a photocon-
ductive switch between the strips, the transient tunneling cur-
rent is sampled. In the present measurements, the internal
preamplifier of the STM is directly connected to the elec-
trode with the tip while an external preamplifier is connected
to the other electrode, enabling measurements at a reference
frequency above the cutoff frequency of the internal preamp-
lifier. A mode-locked Ti:sapphire laser supplies 100-fs
pulses at a wavelength of 800 nm. The laser beam is split
into pump and probe beams that are chopped by acousto-
optic modulators at typical frequencies of 650 kHz. The
pump beam generates the electrical pulses on the CPW while
the probe beam performs the sampling of the transients on
the tip strip lines. The delay-dependent signal is measured
through the external preamplifier with a lock-in amplifier set
to the difference frequency of about 20 kHz. The tip is a
5-mm Pt/Ir wire, ;200 mm long, glued onto the electrode
with conducting silver epoxy.
This setup allows us to move the tip in steps within the
50350 mm scan area set by the range of the piezoscanner
and record a delay-dependent signal for each step. In this
way, a scan in space and time, or ‘‘spatio-temporal’’ scan, is
obtained. Since the probe switch is illuminated by a fiber
fixed to the tip substrate, moving the tip does not affect the
sampling properties. While scanning, the STM is operated in
the tunneling mode in order to prevent the tip from crashing
into the surface or sticking to the sample. Measurements
with the tip in contact are also done at individual tip posi-
tions. Here, the tip approaches the surface until a crash is
detected as a large increase in the tunneling current. In this
position, the delay-dependent signal is measured and before
moving the tip to another position, it is retracted from the
surface again. The sample measured throughout this letter is
a CPW on a low-temperature grown GaAs substrate with an
in-line gap in the center electrode. The spacings between the
electrodes and their widths are 5 mm. The substrate was
grown at 250 °C, has been annealed at 600 °C, and shows a
carrier lifetime shorter than 400 fs, measured with differen-
tial transmission spectroscopy. With electro-optic sampling,
the widths of the generated electrical pulses have been mea-
sured to be ;800 fs.5
Figure 1 shows a grey scale contour plot of a spatio-
temporal scan of an electrical pulse generated by optically
exciting the in-line gap. The tip is placed ;500 mm away
from the gap and scanned ~in 50 steps! along a line perpen-
dicular to the waveguide. A bias voltage of 50 mV is applied
to all the electrodes of the waveguide and the STM controller
is set to a specific tunneling current, typically 0.3 nA. How-
ever, it is only possible to draw a tunneling current from the
electrodes because the semiconducting substrate is too insu-
lating; so for the scans between the electrodes and outside
the CPW structure, the measured current is virtually zero. By
measuring the tunneling current for each scan, we are thus
able to map out the regions where the tip is tunneling from
the electrodes, labeled ‘‘top,’’ ‘‘center,’’ and ‘‘bottom’’ in
Fig. 1. The distance between the center of neighboring elec-
trodes is 10 mm which is used to calibrate the position scale
on the scan images. In Fig. 1, the top line appears to be
narrower than the center and bottom lines; an artifact which
we think is due to a slight tilt of the sample. Because of the
tilt, the piezo has come out of range in the vertical direction
before reaching the edge of the electrode ~the scan directiona!Electronic mail: ulli@mic.dtu.dk
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is from bottom to top!. In Fig. 1, the widths of the electrodes
appear broader than their spacings. We believe this effect is
due to tunneling from the edge of the electrodes to the sides
of the tip end that effectively increases the number of steps
where the tip can draw a tunneling current from the elec-
trodes.
For each step, two delay-dependent signals are mea-
sured, one with a switch voltage of 3 V across the in-line gap
and one without a voltage across the gap. To suppress the
signal components of nonelectrical origin ~e.g., signals
caused by reflected or scattered light!, the signal measured
without a switch voltage is subtracted from the signal mea-
sured with a voltage applied to the switch. Because the cou-
pling from the sample to the tip is mainly capacitive, the
shape of the transient signal is the derivative ~with respect to
delay time! of the contact measurement.5 That is, the signal
measured in tunneling mode has a positive and a negative
peak due to the rising and falling edge of the signal measured
in contact. The pulse in the scan is a superposition of two
contributions: one is confined to the center line and has a
positive peak at t58.5 ps and a negative peak at t511.5 ps
while the other extends beyond the CPW with a positive
peak at t57 ps and a negative peak at t511 ps. We refer to
these two contributions as the confined and the extended
signal component, respectively, and explain them with the
pulse generation principle.
By illuminating an in-line gap, we generate a differential
mode together with a common mode. The field lines of the
differential mode run from one electrode to another, deter-
mining the voltage difference between the electrodes. The
common mode originates from the change of the average
voltage of the three CPW electrodes. The field lines of the
common mode spread out from the electrodes to the closest
external ground. There is no well-defined external ground in
the setup used here, so the common mode field is expected to
be spatially extended. Thus, the common mode field will
propagate through the free space above the substrate to the
tip with the speed of light; whereas, the speed of the guided
electrical pulse is slower and is determined by the effective
dielectric constant of the air and the substrate.8 The extended
signal component is therefore attributed to pickup of the
common mode field along the whole tip wire. The confined
signal component is due to a local capacitive coupling from
the transmission line to the end of the tip when the pulse
passes beneath it. Because the field of the common mode
spreads in all spatial directions the scan is not simply an
image of the voltage pulses on the surface of the sample.
To test that the extended signal is due to a common
mode, another scan was performed with the switch voltage
being applied to the bottom and top lines and the pump beam
exciting between the center and bottom lines ~Fig. 2!. Since
the signal amplitude is independent of the tunneling
conductance,7 scanning across differently biased lines does
not affect the image. When the pump beam excites carriers in
the substrate between the lines, the subsequent reduction of
the voltage on the center line will balance the increase on the
bottom line and only a differential mode is generated. This
initial signal in the time range from t57.5 ps to t512 ps is
indeed more confined to the lines than the signal generated
with the in-line gap. In addition, there is no sign of a leading
signal component. The additional delayed features in Fig. 2
show that the instrument enables the investigation of pulse
propagation on transmission lines in great detail. As indi-
cated in Fig. 2, the center line is interrupted by the in-line
gap, causing the reflection seen between t512 ps and t518
ps. By measuring the delay-dependent signal at two different
FIG. 1. Spatio-temporal scan of a voltage pulse generated by optical exci-
tation of the in-line gap. The outline of the electrodes is indicated in the
figure. The figure above the scan shows the pump beam and tip position. In
the linear grey scale, white represents the areas with the maximum positive
values of the signal and black the maximum negative values.
FIG. 2. Spatio-temporal scan of a voltage pulse generated by optical exci-
tation between the center and bottom lines. The grey scale is the same as in
Fig. 1 ~the image has been smoothened!.
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tip positions 50 mm apart on the center line ~Fig. 3!, we
confirmed that the origin of this signal is a reflection. For
these measurements the tip was in contact with the center
electrode. As expected, the initial pulse arrives Dt50.5 ps
earlier when the tip is closest to the excitation spot and the
reflection arrives Dt51.0 ps later, due to an increased propa-
gation distance of 100 mm. The time differences correspond
very well to the propagation speed of ;40% of the speed of
light, calculated using an effective index method for the sur-
rounding dielectrics of the waveguide.8 The image shows
that there is no reflection on the bottom line. Therefore, the
reflected pulse on the center line is not balanced by a voltage
on the bottom line and has a common mode contribution.
This mode is detected in the scan image as the extended
pulse located at t513 ps.
Finally, we also scanned the waveguide on the other side
of the gap, still generating the pulse with the pump beam
between the center and bottom lines ~Fig. 4!. As in Fig. 1
there is an extended signal component at t58.5 ps due to a
common mode and a confined signal component on the bot-
tom line with peaks at t59 ps and t511.5 ps. In both ex-
periments, the in-line gap is the source of the common mode.
In the first case ~Fig. 1!, there is only a current pulse on the
center line, due to the illumination of the in-line gap. In the
second case ~Fig. 4!, there is only a current pulse on the
bottom line because the gap has reflected the part of the
incident pulse on the center line. The time difference be-
tween the confined and extended signal components is
smaller in Fig. 4 than in Fig. 1 because the scan is closer to
the gap. The confined signal on the bottom line in Fig. 4 is
the part of the generated pulse transmitted across the gap.
Measurements with the tip in contact show that there are also
smaller pulses on the center and top lines. The pulses on the
center and bottom lines have the same polarity whereas the
pulse on the top line has opposite polarity; therefore, the
signal in the scan is reduced as seen in the image. The origin
of this mode structure is not well understood, but it is un-
likely that it is due to unintentional pumping between the top
and center lines since this would give rise to a pulse of the
same polarity on the top and bottom lines.
In summary, the use of spatio-temporal scans with a
USTM for resolving the mode structure of voltage pulses on
a CPW is demonstrated. In particular, the reflection and
transmission of a differential mode pulse incident on the in-
line gap is imaged. It is shown that a common mode contri-
bution in the pulse is spread out in space whereas a purely
differential mode is confined to the transmission lines in the
image. None of the measurements presented here allow us to
estimate the spatial resolution of the scans, but from the dis-
cussion of the capacitive coupling we conclude that the best
resolution is obtained with the local coupling between the
transmission line and the end of the tip. The resolution of
this coupling will be of the order of the diameter of the tip
and we believe that it depends on the exact shape of the tip
end. As the signals are of capacitive origin, the resolution is
not simply determined by the extent of the tunneling region.
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FIG. 3. Measurements of incident and reflected pulses with the tip contact-
ing the center line at two different positions. The solid line is the measure-
ment closest to the excitation position and the dashed line measured 50 mm
further away. The excitation geometry is the same as in Fig. 2.
FIG. 4. Spatio-temporal scan measured on the other side of the in-line gap.
The voltage pulse is generated by optical excitation between the center and
bottom lines. The grey scale is the same as in Figs. 1 and 2.
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